' INTRODUCTION
The cationic ring-opening polymerization (CROP) of 2-oxazoline and 2-oxazine cyclic imino ethers was first reported by Litt and co-workers in a patent application in 1965. 1 Shortly after the (living) polymerization of 2-oxazolines using various initiating systems was reported by four independent research groups.
2À5
The first scientific publication on 2-oxazine polymerization also appeared in this early days of cyclic imino ether polymerization. 6 The first CROP of chiral 4-and 5-substituted-2-oxazolines was reported almost a decade later. 7, 8 Despite these early reports on the CROP of 2-oxazines and 4-and 5-substituted 2-oxazolines, the major interest of polymer scientists has been on the CROP of 2-oxazolines, 9,10 resulting in their exploration for various applications, including biomedical materials, advanced (hierarchical) self-assembly and thermoresponsive properties. 11À13 The properties and applications of poly(cyclic imino ether)s beyond the common poly(2-oxazoline)s have hardly been explored; although there is no reason to assume less application potential or property tuning by copolymerization as well as side-chain variation of the other poly(cyclic imino ether)s. The only rationale for the tremendously lower attention for these other poly(cyclic imino ether)s might be their relatively slow polymerization ranging from tens of hours to multiple days.
Recently we have introduced a microwave-assisted protocol to accelerate the CROP of 2-oxazolines from multiple hours to minutes, 14, 15 which has been adopted by several research other groups. 16 , 17 Importantly, a detailed comparison between microwave heating and thermal heating revealed that the observed acceleration is solely due to the increased reaction temperature for both 2-ethyl-2-oxazoline and 2-phenyl-2-oxazoline). 14, 18 Nonetheless, this accelerated CROP protocol seems to be ideally suited for slower polymerizing cyclic imino ether monomers as was indeed demonstrated for 2-phenyl-2-oxazine by Ritter 19 and for 4-ethyl-2-butyl-2-oxazoline by our group. 20 However, the effect of cyclic imino ether structure on the polymerization rate has never been evaluated for a wider range of structures; in particular not under exactly the same conditions. Therefore, this study aims to address the potential of the fast microwave-assisted CROP protocol for various cyclic imino ethers (Scheme 1), including very slow polymerizing monomers, by comparison of their polymerization behavior. In addition, the copolymerization behavior of 4-ethyl-2-butyl-2-oxazoline with 2-methyl-2-oxazoline and/or 2-phenyl-2-oxazoline will be discussed.
' EXPERIMENTAL DETAILS Materials. Solvents were purchased from Biosolve. Acetonitrile was dried over molecular sieves (size 3 Å) before usage as polymerization 
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2-Butyl-2-oxazoline. 1 H NMR (CDCl 3 ): δ 4.21 (t, J = 9.5 Hz, 2H, OCH 2 ), 3.82 (t, J = 9.5 Hz, 2H, NCH 2 ), 2.72 (t, J = 7.7 Hz, 2H, CCH 2 ),1,62 (quintet, J = 7.8 Hz, 2H, CCH 2 CH 2 ), 1.37 (sextet, J = 7.8 Hz, 2H, CCH 2 CH 2 CH 2 ), 0.92 (t, J = 7.2 Hz, 3H, CH 3 ), GCÀMS: Kinetic Investigations on the Microwave-Assisted Polymerizations. The polymerization kinetics were studied by preparing first a stock solution of the monomer with 4 M concentration in acetonitrile together with methyl tosylate resulting in a monomer to initiator ratio of 60. This stock solution was divided over several microwave vials (1 mL each) that were heated for different predefined times to 140°C. After microwave heating, the polymerization mixture was cooled to 38°C and quenched by the addition of water. GC and SEC samples were prepared from the polymerization mixtures to determine the monomer conversion and the molar mass (distribution) of the resulting polymers. The monomer conversion was calculated from integration of the GC signals, whereby the solvent signal was used as internal standard.
The copolymerization kinetics were determined in a similar manner using a total monomer to initiator ratio of 100 with [ 
' RESULTS AND DISCUSSION
The investigated cyclic imino ethers were prepared by a condensation reaction between valeronitrile and the corresponding amino-alcohols using zinc acetate as catalyst. 20, 21 All monomers were prepared bearing a butyl-group on the two position to exclude side-group effects on the polymerization behavior. 23 The synthesized cyclic imino ether monomers are 2-butyl-2-oxazoline, 2-butyl-2-oxazine, 4-methyl-2-butyl-2-oxazoline, 4-ethyl-2-butyl-2-oxazoline, and 5-methyl-2-butyl-2-oxazoline, whereby the latter three are racemic mixtures. 24 The cationic ring-opening polymerization of these cyclic imino ethers was investigated using our previously determined optimal reaction conditions for 2-oxazolines, namely polymerization with methyl tosylate as initiator in acetonitrile at 140°C using a monomer concentration of 4 M and a monomer to initiator ratio of 60. 14, 15 Upon heating the polymerization mixture, nucleophilic attack of the cyclic imino ether onto the methyl tosylate results in the formation of a cationic propagating species having a weakened CÀO bond. Subsequent attack of the next monomer onto this carbon atom yields the ring-opened poly(cyclic imino ether) still bearing the reactive cationic group. At the end of the polymerization, the living chain ends were quenched by the addition of water resulting in a mixture of hydroxy and ester end-groups due to water addition to the 2-and 5-positions of the propagating species. 25, 26 This general polymerization mechanism is shown in Scheme 1.
The polymerization kinetics were determined by polymerizing separate samples of the polymerization mixture for different times under microwave irradiation. The resulting mixtures were analyzed by gas chromatography (GC) to determine the monomer conversion as well as by size exclusion chromatography (SEC) to determine the molar mass and molar mass distribution of the polymers. The living CROP of 2-oxazolines is known to follow first order kinetics based on the constant concentration of cationic propagating species. When plotting the conversion data in a first order kinetic plot (ln([M] 0 /[M] t ) versus time) a linear correlation was found for all investigated monomers confirming that the polymerizations followed first order kinetics (Figure 1 ). In addition, the linear increase of the number-average molar mass (M n ) with conversion together with the relatively low polydispersity indices (PDI < 1.35) indicate that the polymerizations were controlled; although the PDI values indicate the occurrence of some chain transfer side reactions. For most monomers, the intercept of the molar mass versus conversion plots is rather high, which can be ascribed to the relative molar mass determination against polystyrene standards. The only exception is the polymerization of 4-methyl-2-butyl-2-oxazoline that resulted in polymers with broader molar mass distributions (PDI > 1.4) and rather low M n values most likely resulting from a larger extent of chain transfer reactions presumably caused by impurities in the monomer or trace amounts of water. The lower purity of this monomer is caused by the smaller scale synthesis (<5 mL) complicating the work-up and purification procedures.
The polymerization rate constants (k p ) for the different cyclic imino ethers were calculated from the slope of the first order kinetic plots assuming complete initiation and absence of termination (chain transfer will not affect the polymerization rate) and the values are summarized in Table 1 . The assumption of complete initiation is confirmed by the 1 H NMR spectra of the polymerization mixtures revealing a complete shift, already for the first kinetic samples, of the aromatic signals from 7.35 and 7.80 ppm for the methyl tosylate to 7.16 and 7.74 ppm for the anionic tosylate counterion (data not shown). The polymerization of 2-butyl-2-oxazoline revealed the highest k p , which is similar to the values reported for other 2-n-alkyl-2-oxazolines. 25 Expanding the ring size to the 2-butyl-2-oxazine lowers the polymerization rate, which can be ascribed to the increased sterical hindrance for nucleophilic monomer addition resulting from the gauche conformation of the nonplanar oxazonium ring compared to the flat oxazolinium species. 27 Nonetheless, complete monomer conversion is still reached within 1 h for the CROP of 2-butyl-2-oxazine. Substitution of the oxazoline ring has a much more drastic effect on the polymerization rate leading to an almost 30-fold decrease in k p for 4-methyl-2-butyl-2-oxazoline compared to 2-butyl-2-oxazoline. This slower polymerization can be ascribed to increased sterical hindrance for the attack of the next monomer as is clearly evidenced by the additional 3-fold decrease in k p when changing the 4-substituent from methyl to ethyl giving 4-ethyl-2-butyl-2-oxazoline. Placing a methyl substituent on the 5-position, i.e., where the next monomer will attack, resulting in 5-methyl-2-butyl-2-oxazoline results in the slowest polymerizing cyclic imino ether among the studied variants, which again can be ascribed to increased sterical hindrance. Even though the k p is drastically lowered by incorporating 4-and 5-substituents, the microwave-assisted polymerization procedure still enables reasonable monomer conversion of at least 50% for the slowest 5-methyl-2-butyl-2-oxazoline cyclic imino ether within 10 h polymerization time.
The effect of the cyclic imino ether structure on the thermal properties of the resulting polymers was evaluated based on differential scanning calorimetry (DSC) measurements. The glass transition temperatures (T g ) noticeably demonstrate that increasing the ring size leads to enhanced chain flexibility and, thus, a lower T g (Table 1 ). In contrast, adding substituents to the 4-and 5-position of the 2-oxazoline ring enhances the rigidity of the resulting polymers bearing main-chain substituents leading to an increase in T g . The unexpectedly low T g for poly(5-methyl-2-butyl-2-oxazoline) might be related to the low 50% monomer conversion of the final kinetic sample that was used for analysis, i.e., the fraction of flexible chain ends is higher resulting in a lower T g and/or a minor fraction of residual monomer might act as plasticizer.
Recently, we demonstrated the one-pot quasi-diblock copolymer synthesis based on the large difference in reactivity of 2-methyl-2-oxazoline (k p = 145 Â 10 À3 L/(mol Â s) at 140°C) 25 and 2-phenyl-2-oxazoline (k p = 32 Â 10 À3 L/(mol Â s) at 140°C). 15, 28 On the basis of the even slower, but still controlled, polymerization found for 4-ethyl-2-butyl-2-oxazoline it was anticipated that the one-pot copolymerization of 2-methyl-2-oxazoline, 2-phenyl-2-oxazoline and 4-ethyl-2-butyl-2-oxazoline at 140°C would lead to the formation of a quasi-triblock copolymer structure. However, kinetic analysis of this copolymerization surprisingly revealed the formation of a gradient copolymer structure going from a 2-methyl-2-oxazoline rich domain, via a 4-ethyl-2-butyl-2-oxazoline rich domain to a 2-phenyl-2-oxazoline rich domain at the final stages of the polymerization (Figure 2, bottom) .
Unfortunately, 1 H NMR spectroscopy could not be used to analyze the copolymer composition due to the very broad signals of the poly(4-ethyl-2-butyl-2-oxazoline) (2.0À4.5 ppm) resulting in significant overlap. Nonetheless, the almost complete monomer conversions (complete conversion of 2-methyl-2-oxazoline and 4-ethyl-2-butyl-2-oxazoline; 75% conversion of 2-phenyl-2-oxazoline) in combination with a polydispersity index below 1.30 indicate that the copolymer has the expected composition.
To better understand the unexpected copolymer behavior, the copolymerization of the separate monomer pairs were also studied. Statistical copolymerization of 2-methyl-2-oxazoline with 4-ethyl-2-butyl-2-oxazoline revealed the expected fast incorporation of 2-methyl-2-oxazoline resulting in a quasi-diblock copolymer structure. However, the calculated k p of 60 ( 3 Â 10 À3 L/(mol Â s) for MeOx indicates a deceleration in the presence of 4-ethyl-2-butyl-2-oxazoline (Figure 2, top) . The first order kinetic plot for 4-ethyl-2-butyl-2-oxazoline revealed two regimes with an initial k p of (7.7 ( 0.3) Â 10 À3 L/(mol Â s) and a k p of (2.2 ( 0.2) Â 10 À3 L/(mol Â s) during the later stages of the polymerization. This later k p is observed when all 2-methyl-2-oxazoline has been consumed and resembles the k p obtained for the homopolymerization of 4-ethyl-2-butyl-2-oxazoline. The enhanced k p for 4-ethyl-2-butyl-2-oxazoline in combination with the decreased k p for 2-methyl-2-oxazoline when both monomers are present indicate a nonideal copolymerization behavior, whereby the higher accessibility of the 2-methyl-2-oxazolinium propagating species accelerate the incorporation of 4-ethyl-2-butyl-2-oxazoline compared to its homopolymerization while the polymerization of 2-methyl-2-oxazoline is slowed down compared to its homopolymerization due to the higher sterical hindrance of the 4-ethyl-2-butyl-2-oxazolinium propagating species.
The statistical copolymerization of 4-ethyl-2-butyl-2-oxazoline with 2-phenyl-2-oxazoline, surprisingly, revealed a faster incorporation of 4-ethyl-2-butyl-2-oxazoline (k p of (3.
À3 L/(mol Â s)) resulting in a monomer gradient from 4-ethyl-2-butyl-2-oxazoline to 2-phenyl-2-oxazoline, despite the 20-fold faster homopolymerization of 2-phenyl-2-oxazoline compared to 4-ethyl-2-butyl-2-oxazoline (Figure 2, middle) . This large discrepancy can be ascribed to the large aromatic side-chain of 2-phenyl-2-oxazoline, which amplifies the sterical hindrance for attack onto 4-ethyl-2-butyl-2-oxazoline oxazolinium propagating species. In contrast, the attack of 4-ethyl-2-butyl-2-oxazoline onto 2-phenyl-2-oxazolinium is more efficient compared to the attack on the more sterically hindered C-5 of 4-ethyl-2-butyl-2-oxazolinium species. When analyzing the terpolymerizations kinetics in more detail, keeping the copolymerization results in mind, it can be calculated that the polymerization of 2-methyl-2-oxazoline is slower (k p of (86 ( 4) Â 10 À3 L/(mol Â s)) compared to its homopolymerization, but faster compared to the copolymerization with 4-ethyl-2-butyl-2-oxazoline. In addition, the kinetics of 4-ethyl-2-butyl-2-oxazoline also revealed two slopes in the terpolymerizations; a k p of (13.7 ( 0.3) Â 10 À3 L/(mol Â s) in the presence of 2-methyl-2-oxazoline, which decreases to (6.5 
À3 L/(mol Â s) after full conversion of 2-methyl-2-oxazoline. Finally, the k p for 2-phenyl-2-oxazoline was found to be (3.1 ( 0.2) Â 10 À3 L/(mol Â s) in the terpolymerizations. These observed trends for the terpolymerization are similar to the copolymerizations. Nonetheless, all k p values calculated for the terpolymerizations are higher than for the copolymerizations, which can be ascribed to the lower amount of the more sterically hindered 4-ethyl-2-butyl-2-oxazoline monomer in the terpolymerizations (33% in the terpolymerizations versus 50% for the copolymerizations).
The contribution of preferential microwave heating of the 4-ethyl-4-butyl-2-oxazoline as driving force for the unexpected copolymerization kinetics can be ruled out based on the following discussion. In our previous work we have shown for the homopolymerization of 2-ethyl-2-oxazoline and 2-phenyl-2-oxazoline, i.e., two very different 2-oxazoline monomers, that the observed acceleration under similar microwave-assisted polymerization conditions was solely due to the increased temperatures facilitated by the closed vial conditions. 14, 18 Therefore, it is expected that this absence of a nonthermal microwave effect can be extrapolated to 4-ethyl-2-butyl-2-oxazoline, which structure is rather similar to 2-ethyl-2-oxazoline. This assumption is further justified by the fact that the solvent, acetonitrile, also efficiently absorbs microwaves suppressing any potential preferential microwave absorbance of the monomer. Finally, in recent years, the majority of the microwave community has reached consensus that nonthermal microwave effects do not exist for homogeneous reactions in solution. 29, 30 ' CONCLUSIONS
In conclusion, the microwave-assisted polymerization of various cyclic imino ethers is reported revealing a decrease in polymerization rate constant due to increased sterical hindrance in the following order: 2-butyl-2-oxazoline > 2-butyl-2-oxazine > 4-methyl-2-butyl-2-oxazoline > 4-ethyl-2-butyl-2-oxazoline > 5-methyl-2-butyl-2-oxazoline. All microwave-assisted polymerizations could be performed in a controlled manner, although significant chain transfer side reactions were observed for 4-methyl-2-butyl-2-oxazoline presumably due to minor impurities, such as traces of water. Statistical copolymerization of 2-methyl-2-oxazoline, 2-phenyl-2-oxazoline and 4-ethyl-2-butyl-2-oxazoline revealed that the polymerization of 4-ethyl-2-butyl-2-oxazoline is accelerated due to the better accessibility of the oxazolinium species without 4-substituents. In contrast, the polymerization of 2-methyl-2-oxazoline and 2-phenyl-2-oxazoline are slowed down by the presence of the more sterically hindered 4-ethyl-2-butyl-2-oxazolinium species. This effect is amplified by the large size of the aromatic side group of 2-phenyl-2-oxazoline resulting in a faster incorporation of 4-ethyl-2-butyl-2-oxazoline compared to 2-phenyl-2-oxazoline during the statistical copolymerization while, in contrast, 2-phenyl-2-oxazoline exhibits a faster homopolymerization.
These results provide important new insights into the polymerization behavior of cyclic imino ethers opening up new possibilities for their more widespread use as comonomers during CROP of 2-oxazolines. Moreover, the fast microwaveassisted polymerization procedure enables efficient polymerization of 4-and 5-substituted 2-oxazolines.
' AUTHOR INFORMATION
Corresponding Author *E-mail: ulrich.schubert@uni-jena.de (U.S.S.) or richard. hoogenboom@ugent.be (R.H.).
